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Abstract—Bilateral control, a remote-control technique, is used
to work at a distance. However, many existing bilateral control
systems have two common problems: 1) it is difficult to create a
system like a human hand, that has multiple degrees of freedom
and 2) if the mechanism becomes too complicated, operators feel
restrained and experience discomfort. Because, for these reasons,
the bilateral control of fingers has not been accomplished to
date, we aimed to overcome this by applying functional electrical
stimulation (FES). In our experiments, through an adhesive
electrode pad, electrical stimulation was delivered to the muscles
that flex and expand the metacarpophalangeal joints of the thumb
and middle finger. Position-symmetrical bilateral control was
implemented so that the deviation of the master’s and slave’s
positions relative to each other was zero degrees. A sliding mode
controller was used as a position controller. We found it possible
to control multiple degrees of freedom; however, we found areas
where the number of tracking errors was large. We speculated
that the middle finger did not bend, because the arm rotates as
the thumb was abduction, therefore the position of the motor
point of the middle finger deviates from the position of the pad.
I. INTRODUCTION
Robotic remote-control technology is useful in many sit-
uations, such as extreme environments and the medical
field [1] [2].
Bilateral control, a type of remote-control technique, can
transmit force information between a master and a slave. The
force information received in the slave environment can be
conveyed to the master [3] [4]. The operator can experience
the actual feeling of the remote environment via bilateral con-
trollers. Conventionally, bilateral control has been researched
for use in the medical field and on disaster sites [5] [6].
However, many existing bilateral control systems have two
common problems: 1) it is difficult to create a system with
multi-degrees of freedom, like the human hand, and 2) as the
mechanism becomes complicated, operators feel uncomfort-
able restrained. In the current paper, we aimed to solve these
problems using functional electrical stimulation (FES) because
it has already been demonstrated to achieve bilateral con-
trol [7] [8]; it has been used to restore function, by providing
electrical stimulation, to permanently paralyzed limbs resulting
from upper motor-neuron disorders such as spinal cord injury
and stroke. Research into controlling the human body using
FES has been actively conducted since the 1960s [9]. In recent
years, the use of FES not only for rehabilitation but also to
move the body has attracted much attention.
The following research has been carried on the use of FES
for bodily control. Gollee et al. reproduced standing motions
with an intact and a paraplegic subject using linear second
Gaussian control of FES [10]. Ching et al. proposed using neu-
ral network (NN) in combination with PID control to improve
control performance [11]. Ajoudani et al. proposed control by
combining NN and sliding-mode control [12]. Tamaki et al.
controlled hands using FES; they showed that it was possible
to use hands to help play a musical instrument [13]; they
used FES to move their fingers and tried to reproduce the
object’s gripping motion by performing closed-loop control
using a force sensor [14]. Kitamura et al. performed bilateral
control of an elbow joint using FES [15]. These various studies
indicate that FES is useful for control. However, the bilateral
control of fingers has not yet been reported in any studies
to the best of our knowledge. Human fingers are capable of
many varied motions; if FES is to be used as a remote-control
technology in the future, it is imperative that it can bilaterally
control the movement of fingers. Therefore, in this paper, as
initial research into the bilateral control of fingers using FES,
bilateral control of a movement of the thumb and middle finger
was performed by applying electrical stimulation. Moreover,
Farhoud et al. confirmed that control is improved by using
a high-order sliding mode control for an operation using
FES [16]. Therefore, in this paper, bilateral control using FES
was also performed using high-order sliding mode control.
The current paper is organized as follows; Section II de-
scribes FES; Section III describes bilateral control, Section
IV describes sliding mode control, Section V describes the ex-
perimental environment, Section VI describes the experimental
method, Section VII describes and discusses the experimental
result of the bilateral control, and Section VIII concludes this
paper.
II. FUNCTIONAL ELECTRICAL STIMULATION
In this section, FES is described and is conceptually il-
lustrated in Fig. 1. FES delivers electrical stimulation to
peripheral nerves using an external power source and excites
the peripheral nerves; in this way, it is possible to drive the
body.
A. Stimulation Method
In this experiment, electrostimulation was delivered to the
forearm using an adhesive pad for safety and convenience
consideration. To drive the thumb and middle finger, we
stimulated the flexor and extensor apollicis brevis muscles,
the pollicis brevis muscle, the flexor digitorum superficialis
muscle, and the extensor digitorum muscle. The flexor works
in the direction that bends the fingers and the extensor works
in the direction that extends the fingers. Fig. 2 shows the
locations of the pads.
B. Stimulation Waveform
In this experiment, we used a pulse wave because it is
convenient and commonly used. Fig. 3 shows the stimulation
waveform with a frequency of 50 Hz and a pulse width of
0.2 msec. The frequency was selected from 20, 50 and 100 Hz
the value at which the muscle reacted the most.
Fig. 1. Conception diagram of FES
[A]Extensor muscle [B]Flexor muscle
Fig. 2. Stimulus location
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Fig. 3. Waveform of electrical stimulation
III. BILATERAL CONTROL
In this section, bilateral control, a remote-control tech-
nique [17] [18], is described and is illustrated in Fig. 4. The
operator side is called a master and the operated side is called
a slave. The slave follows the movement of the master. In
addition, forces applied to the slave are feed back to the
master. Therefore, the master feels as if it is in the slave’s
location [19] [20]. There are several types of bilateral control;
however, in this paper, we used position-symmetrical bilateral
control because the control system for this method is simple
and stable and does not require a force sensor.
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Fig. 4. Conceptual diagram of bilateral control
IV. SLIDING MODE CONTROL
In this section, sliding mode control is described. The
objective of the sliding mode controller is that the system
state vector x(t) converges to the desired state vector xd(t)
depending on the effect of uncertainty such as disturbance or
modeling error [21]. A general sliding mode control satisfies
the control goal when the sliding manifold s(x, t) is on the
sliding manifold (ie, when s(x, t) = 0). The sliding manifold
s(x, t) is defined as follows:
s(x, t) = (
d
dx
+ λ)n−1e(t) (1)
e(t) = θcmd − θres (2)
where, λ is a positive constant. Also, e(t) represents the
deflection between the target value and the measured value
of the finger joint angle, θcmd represents the target value
of the angle, and θres represents the measured value of the
angle. In the current paper, because angle and angular velocity
are inputted, the order n of the input variable is n = 2.
However, for this classical sliding mode control, the problem
TABLE I
INPUT AND OUTPUT OF THE ELECTRICAL STIMULATION DEVICE
Supply voltage 50 V
Output voltage(Effective value) 45 V
Output current(Effective value) 20 mA
of oscillatory, high-frequency input, called chattering, arises;
therefore, high order sliding mode (HOSM) control was used.
HOSM control works on higher-order derivatives compared to
standard sliding variables. The control target of the HOSM
controller can be described by Eq. (3) using the sliding
manifold s given in Eq (1).
s = s˙ = s¨ = · · · = sr−1 = 0 (3)
In the HOSM controller, the high-order element s, which
increases when chattering occurs, consequently converges to
zero, and therefore, chattering can be suppressed.
In the current paper, we used a super-twisting algorithm
to realize HOSM control [21]. This algorithm was developed
to avoid the chattering phenomena. The high-order element
s contains up to second order terms that do not depend on
the derivative of the sliding variable. In this paper, the control
input u, satisfying the control target of s = s˙ = 0, is defined
as follows: {
u = −λ× |s|ρsgn(s) + ua
u˙a = −W × sgn(s)
(4)
where, λ, ρ, and W are positive constants and ρ is preferably
0.5 when n = 2 [22]. It is difficult to identify the values of λ
and W . Therefore, it was determined that λ = 2.0 and W =
0.2 by trial and error. After the values of these parameters
were applied to both subjects, the experiments were carried
out.
V. EXPERIMENT ENVIRONMENT
In this section, the experiment environment is described.
A. Electrical Stimulation Device
Table I shows the input and output of electrical stimulation
device. We used a maximum output current less than the
effective value of 20 mA in accordance with the Japanese
Industrial Standard (JIS) for low-frequency therapy devices. In
addition, in consideration of the subject’s safety and to reduce
their discomfort, we restricted the stimulation voltage to a 30 V
maximum.
B. Angle Measuring Device
We measured the angle of the finger joint using a data glove
(Manus VR, Eindhoven. Netherlands) (Fig. 5). The joint angle
of each finger was measured by flexible sensors in the glove’s
fingers.
[A]The palm side [B]The back side
Fig. 5. Angle measuring device
Fig. 6. MP joint
VI. METHODS
In this section, the experimental method is described. The
subjects, referenced as A and B, were two healthy men aged in
their twenties. We explained the content and objectives of the
experiment to the subjects and conducted the experiments after
obtaining their informed consent. Permission from the ethics
committee of the Saitama University was obtained for this
experiment. For the experiment, we used the metacarpopha-
langeal (MP) joints of the thumb and middle finger, shown in
Fig. 6, for bilateral control. The joint angle when the fingers
were extended was set to 0 deg and when the fingers were
flexed was set to 90 deg. Fig. 7 shows the experimental setup.
A. Determination of Electrical Stimulation Position
For the experiment, we selected a muscle to drive the MP
joints of the thumb and middle finger using a motor point
pen (MPP) (COMPEX). By using an MPP, it was possible to
find the part where the muscles tended to respond to electrical
stimulation (motor point) (Fig. 8).
B. Control System
The control system used in this experiment is shown in
Fig. 9. The inputs, s1 and s2, to the sliding mode controller
can be expressed by the following equations derived from Eqs
(1), (2);
s1 = θ˙
2 − θ˙1 + λ(θ2 − θ1) (5)
s2 = θ˙
1 − θ˙2 + λ(θ1 − θ2) (6)
where the output u is the stimulation voltage; when u is
positive, the muscles which bend the finger joints are stim-
ulated, and when u is negative, the muscles which extend
the finger joints are stimulated. However, human muscles do
not contract unless a voltage exceeding a threshold voltage is
Fig. 7. Experimental setup
Fig. 8. Scene of looking for motor point
applied. Therefore, in this experiment, the threshold voltage
Vth was selected for each subject, and the stimulation voltage
amplitude Vapp can be expressed as follows:
Vapp =


u+ Vth (u > 0)
0 (u = 0)
−u+ Vth (u < 0).
(7)
The angular velocity was obtained by pseudo-differentiating
the angle, and the cutoff frequency g was set at 6.28 Hz.
VII. EXPERIMENTAL RESULTS AND DISCUSSION
In this section, we describe the results of the experiment.
First, two subjects were selected, and one subject became
a master and the other subject became a slave. A short
instruction gPlease freely move the finger jointh was given
to the master. Simultaneously, a short instruction gPlease do
not look at the hand of the masterh was given to the slave.
The duration of the experiment was 25 s. After this, the master
and slave swapped places, and the same 25 s experiment was
repeated.
We conducted three kinds of experiments using FES as
follows:
• bilateral control of the thumb
• bilateral control of the middle finger
• bilateral control of both the thumb and the middle finger
The experimental results are given below.
A. Bilateral Control of Thumb Using FES
The results of the experiment using subject A as the master
and subject B as the slave are shown in Fig. 10. Those with
subject A as the slave and subject B as the master are shown
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Fig. 9. Control system
in Fig. 11. From these result, we confirmed that the thumb of
the slave followed the thumb of the master.
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Fig. 10. Subject A as the master and subject B as the slave
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Fig. 11. Subject B as the master subject A as the slave
B. Bilateral Control of Middle Finger Using FES
The results of the experiment with subject A as the master
and subject B as the slave are shown in Fig. 12. Those with
subject A as the slave and subject B as the master are shown in
Fig. 13. From these results, it was shown that the movement of
the middle finger of the slave generally followed the movement
of the middle finger of the master. However, it was evident that
there was a period when errors increased.
C. Bilateral Control of Thumb and Middle fingers using FES
The results of the experiments with subject A as the master
and subject B as the slave are shown in Fig. 14. Those with
subject A as the slave and subject B as the master are shown
in Fig. 15. In addition, Figs. 16-19 focus on the motions
of the thumb and the middle finger shown in Figs. 14 and
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Fig. 12. Subject A as the master and subject B as the slave
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Fig. 13. Subject B as the master and subject A as the slave
15. Figs. 14-19 are free motion data. In addition, contact
motion with subject A as the master and subject B as the
slave grabbing a cylinder with a diameter of 5 cm is shown in
Fig. 20. Figs. 14-20 also confirmed where the slave followed
the motion of the master. However, compared to when the
thumb and middle finger were individually, bilaterally con-
trolled, many motions were not followed exactly.
From the gray part of Figs. 14 and 15, error of the middle
finger was increased, when middle fingers were bent for the
third time. We speculated that the middle finger did not bend,
because the arm rotated as the thumb was abduction, therefore
the position of the motor point of the middle finger deviated
from the position of the pad. In order to solve this problem,
we need to investigate the movement of the muscles of the
forearm when electric stimulation is delivered, and to devise a
mechanism that the stimulation position does not deviate from
the motor point. In addition, we speculated that the thumb’s
time constant became large, because since the setting of the
control gain of the thumb could not be set well in Fig. 20.
VIII. CONCLUSION
We proposed the bilateral control of two degrees of freedom
in a thumb and a middle finger using FES. In an experiment,
we recorded the motion of the thumbs and the middle fingers
of two subjects during bilateral control and confirmed that
the slave followed the motion of the master. However, we
found a period of time where the tracking error was large. We
speculated that the middle finger did not bend, because the arm
rotated as the thumb was abduction, therefore the position of
the motor point of the middle finger deviated from the position
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Fig. 14. Subject A as the master and subject B as the slave
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Fig. 15. Subject B as master and subject A as the slave
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Fig. 16. Focus on the motion of the thumbs shown in Fig. 14
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Fig. 17. Focus on the motion of the middle fingers shown in Fig. 14
of the pad. We will devise a mechanism that the stimulation
position does not deviate from the motor point and aim to
further increase the degree of freedom.
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Fig. 18. Focus on the motion of the thumbs shown in Fig. 15
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Fig. 19. Focus on the motion of the middle fingers shown in Fig. 15
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Fig. 20. Subject B as master and subject A as the slave in contact motion
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